Optical cochlea stimulation is under investigation as a potential alternative to conventional electric cochlea implants in treatment of sensorineural hearing loss. If direct optical stimulation of spiral ganglion neurons (SGNs) would be feasible, a smaller stimulation volume and, therefore, an improved frequency resolution could be achieved. However, it is unclear whether the mechanism of optical stimulation is based on direct neuronal stimulation or on optoacoustics. Animal studies on hearing vs. deafened guinea pigs already identified the optoacoustic effect as potential mechanism for intra-cochlear optical stimulation.
INTRODUCTION
In recent years many studies and reports have been published about the optical stimulation of various nerves [1] [2] [3] [4] [5] [6] . For this reason, the optical stimulation of the cochlea as a higher resolved and artifact-free method to conventional cochlear implants is discussed.
However, the stimulation mechanism is unclear and is controversially discussed in literature. The optical intra-cochlear stimulation is based on direct activation of the spiral ganglion neurons [7] [8] [9] [10] [11] or on the optoacoustic effect [12] [13] [14] [15] [16] . The optoacoustic mechanism deflects the basilarmembrane of the cochlea and activates the inner hair cells. This hypothesis is supported by measurements of laser pulse activated movements of the basilarmembrane [17] [18] [19] . The distinction between infrared neural stimulation (INS) and the optoacoustic mechanism is necessary for future applications. In this study, in vivo measurements of compound action potentials (CAPs) were compared with pressure measurements in water. To better understand the optical stimulation of the cochlea the same laser parameter were used in both settings. The pulse duration was varied from nanoseconds to milliseconds and the wavelength was kept constant with, firstly, a constant pulse energy and, secondly, a constant pulse peak power. The experiments were performed in thermal confinement, stress confinement as well as outside of both confinements 20 in order to verify the hypotheses that CAPs can be generated by the optoacoustic mechanism in hearing animals. *n.kallweit@lzh.de; phone +49 511 2788-225; fax +49 511 2788-100; lzh.de
MATERIALS AND METHODS

In vivo
All in vivo experiments have been performed in accordance to the animal welfare guidelines of Germany and the European Union. All experimental procedures were approved by the German state authorities and the animal welfare officer of the research facilities. The measurements were performed with normal hearing (threshold < 30-40 dB sound pressure level) Dunkin Hartley guinea pigs (n = 8, Charles River) of either sex anesthetized by a solution of ketamine and xylazine. To measure CAPs a silver ball electrode was positioned in the round window niche in contact to the round window membrane (RWM). The CAP signal was filtered (Butterworth filter 6th order, high-pass frequency 5 Hz, low-pass frequency 5 kHz) and amplified by 80 dB. The optical fiber was placed in the perilymph of the scala tympani through a cochleostomy. Before and after surgery the hearing function was tested by measuring click-evoked auditory brainstem responses (ABRs).
Hydrophone measurements
A hydrophone (8103, Brüel&Kjaer Sound & Vibration Measurement A/S, Denmark) was used for the investigation of the optoacoustic signal generation. To measure the pressure at the fiber tip, the hydrophone was placed horizontally inside a water-filled cylinder (h = 194 mm, Ø = 194 mm, V = 5.7 l) and the fiber was placed orthogonally with a distance of 0.1 mm to the hydrophone. The signal was amplified (Nexus 2692-0S1 bandwidth of 100 kHz, Brüel&Kjaer Sound & Vibration Measurement A/S, Denmark) and averaged over ten thousand laser pulses to improve the signal to noise ratio (SNR). The acrylic cylinder was filled with water, which is the main component of perilymph 21 .
Laser systems
Two laser systems were used to analyze the stimulation mechanism in thermal confinement as well as stress confinement condition. The first laser (Capella, Lockheed Martin Aculight, WA, USA) had a fixed wavelength of 1860 nm, a variable pulse duration from 10 µs up to 20 ms and a repetition rate between 2.5 Hz and 100 Hz depended on the pulse duration. The second laser (Ekspla, NT342A, Vilnius, Lithuania) was a tunable system with an optical parametric oscillator (OPO). The pulse duration was fixed at 4 ns, the repetition rate at 10 Hz and the wavelength could be adjusted between 420 nm and 2300 nm. The lasers were coupled into a multimode fiber (FG105LCA-CUSTOM, 105 µm core diameter, NA 0.22, low OH, Thorlabs, NJ, USA) for the experiments. Two series of experiments were performed: The first with a constant pulse energy of 6 µJ, a constant wavelength of 1860 nm and a variable pulse duration between 5 ns up to 200 µs. The second parameter study was performed with a constant pulse peak power of 150 mW, a constant wavelength of 1860 nm and a variable laser pulse duration between 10 µs up to 10 ms. The in vivo experiments as well as the pressure measurements were conducted with the same laser systems and parameters. The temporal laser pulse form for pulse durations longer or equal than 10 µs (Fig. 1, top) was measured with an InGaAs detector (DET10D, Thorlabs, NJ, USA) with a rise time of 25 ns. The first derivative of the pulse power was calculated numerically by averaging forward and backward derivative (Fig. 1, bottom) .
RESULTS
For the constant pulse energy of 6 µJ, the CAP amplitude decreases with increasing pulse duration (Fig. 2a, top) . For longer pulse duration than 200 µs, no CAP signal can be detected (data not shown). The first CAP signal in figure 2a (top) was generated with the 5 ns laser pulse of the Ekspla laser in stress confinement condition, the other signals were performed with the Capella laser in thermal confinement. The signal amplitude of the pressure measurements showed the same behavior as the CAP amplitude. The pressure amplitude decreases with an increasing pulse duration (Fig. 2a,  center) . Here, the maximum of the first derivative of power can only be measured for laser pulses greater or equal than 10 µs. Therefore, the first value of the first derivative of power cannot be calculated and is missing (Fig. 2a, bottom) .
The maximum of the first derivative decreases with an increasing laser pulse duration (Fig. 2a, bottom ) similar to the CAP amplitude and the pressure amplitude. This signal behavior might be explained by the pulse peak power. If the pulse energy is constant and the pulse duration increases, the pulse peak power will decreases. Therefore, the following measurements were performed with a constant pulse peak power. It was kept constant at 150 mW and the laser pulse duration was varied. The CAP amplitude was nearly constant (Fig. 2b, top) except for very short pulse durations. In contrast to the CAP data, the pressure signal amplitude was constant for all laser pulse durations for the fixed pulse peak power (Fig. 2b, center) . The maximum of the first derivative of power was steady (Fig. 2b, bottom ) similar to the pressure signal. For the pulse peak power of 150 mW two pressure pulse can be detected (Fig. 3, left) . The separated signal onset and offset have the time interval of the applied laser pulse duration. In in vivo measurements, separate CAP signals were observed for pulse durations longer than 1 ms (Fig. 3, right) . For laser pulse durations less than or equal 1 ms only one single CAP signal can be measured. 
DISCUSSION
The findings indicate that optoacoustic is the basic mechanism for optical cochlear stimulation. The signal amplitude behavior of the pressure measurements and in vivo data were the same. The volume of the water-filled cylinder (V = 6 l) and of the cochlea (V = ~ 10 µl
22
) were completely different, but the resonance of the cylinder was not relevant for the analysis of the signal amplitude. Water was used instead of perilymph for the pressure measurements in the physical model, because, firstly, water is the main component of the perilymph 21 and, secondly there is no relevant absorption by the proteins of the perilymph in the spectral range of the used laser which works far off the electronic absorptions in the UV-range 23 . The observed signal with its characteristic onset and offset peaks strongly supports the hypotheses of optoacoustic, because the time between the beginning and the end of the response for in vivo and for pressure measurements are equal to the laser pulse duration. The fact that two CAP signals were only detectable for pulse durations longer than or equal to 2 ms, can be explained by the prolonged integration time of the compound auditory nerve response. The fact, that no pressure wave between the onset and offset signal can be measured, can be explained by the physics of optoacoustics, where constant heating generates no pressure wave 24 . Thus, the amplitude depends on the pulse peak power and the maximum of the first derivative of power. On the basis of these findings, doubt exists on direct optical stimulation of SGNs as the basic mechanism in experiments performed in normal hearing animals or in acutely deafened animals with some degree of residual hearing.
CONCLUSION
The similarity of the pressure measurements in water and the in vivo CAP measurements supports the hypothesis of optoacoustic as the basic mechanism for optical cochlear stimulation. Based on the current results of this study, and on previous experiments of deafened cochleae which did not show any response to optical stimulation, we conclude that pressure sensitive hair cells are necessary and direct infrared neural stimulation of neuronal ganglion cells in the cochlea does not work. Further analysis of the results and a more detailed description of the spectral absorption characteristics and optoacoustic phenomena underling the signals will be published soon.
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